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ABSTRACT

Apparent flame strength (AFS) measurements have been made on the ammonia-
nitric oxide and ammonia-nitrous oxide flame reactions in the opposed-jet reactor
at pressures ranging from 100 to 745 torr. The pressure dependencies of the apparent
flame strengths of these systems gave overall reaction orders of 1.56 and 2.0 for
NH3-NO and NHB"NZO counterflow diffusion flames, respectively.

The overall stoichiometry of the NH3-NO flame near extinguishment can
be represented by the following eqmtion.

1.5 NH3 + NO—— 1.25 NZ'T'1.25 Hy + H0

The volumetric reaction rate (ﬁfu, max) for this flame reaction was computed
using Spalding's analysis of the opposed-jet flame. At 1 atmosphere, an apparent
flame strength of 0.65 gm/cmz—sec corresponded to volumetric reaction rate of

2.93 gm/cm3-sec release rate of 7.22 : 103 cal/cm3-sec.
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I.  INTRODUCTION

The objective of the research being conducted under this contract,
funded by the Advanced Research Projects Agency, is to obtain a better
understanding of the mechanisms of combustion,; decomposition, and detonation
of solids, Current investigations are concerned with the gas-phase reactions
associated with the combustion of composite solid propellants and their
relationships to the energy transport processes near solid-propellant surfaces,

1T. TECHNICAL STATUS

A. SUMMARY OF PREVIOUS WORK
The flame reaction between NHj and 03-Cl; mixtures was studied
by means of the opposed-jet technique. This flame system is being investigated
because it is believed that the kinetics of the gas-phase reactions above
burning ammonium perchlorate (AP) are dependent primarily upon the competition

between the two irreversible reactionss

5NHy +3 0y——> 2 Ny + 2 Hy + 6 H

and
7 NH‘3 + 3 Clp——> Np + HC1 + 5 NHhCl

It was shown that NH3=02m012 flames exist for large mass
fractions of chlcrine {up to m.f. = 0.6), however, apparent flame strength
(AFS) measurements were not feasible at Cly m.f. =>0,56 due to flame out before
axial extinguishment could occur. The apparent flame strengths of these
flames were inversely proportional to the mass fraction of chlorine and
directly proportional tc the mass fraction of chlorine and directly proportional
to mass fractions of oxygen and ammonia in the initial reaction mixtures. However,
at mass fractions >0.4,<0.2 and < 0.4 for Clp, Op and NH3, respectively, the

AFS waried only slightly with relatively large changes in concentrations of reactants.
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B. CURRENT AND PLANNED WORK

The gas-phase redox reactions which are believed to occur
above the surface of decomposing or subliming solid composite propellants
containing ammonium perchlorate (AP) are being investigated. The proposed
mechanism (Reference 1) for the deflagration of AP stipulates that the
overall kinetics of the NHy - HC10, is governed primarily by the competition
between Op and Cl; for the NH3. Other irreversible reactions which are
also beljeved to be involved are the oxidation of NH3 by NO and NO.
These reactions are currently being investigated by means cf the opposed-jet
technique, which has been described previously (References 2 and 3).

i Combustion of Ammonia with Nitric Oxide

The NH3=NO counterflew diffusion flame was found to
be quite stable and easily ignited; however, at pressures beleow 150 torr,
the flame exhibited some instability and AFS measurements were not feasible
for a nozzle diameter of 0,77 cm. Figure 1 tabulates the corditions and
apparent flame strength data for the NH3-NO system, A log-log plot (Figure 2)
of the AFS versus pressure data is linear and indicates that the overall
reaction order is 1.56 at pressures ranging from 150 to 745 torr. This
value is in good agreement with that fourd by Wise and Frech (Reference 4)
who investigated this reaction by another technique and reported an overall
reaction order of 1.5; first order with respect to NH3 and one-half
order with respect to NO, Volders and van Tiggelen (Reference 5) on the
other hand report the reaction to be 1,3 order with respect to NO and 0.5
order with respect to NH3 (1.8 overall), Although there is mild disagreement
concerning the overall order of this reaction, there appears to be

considerable disparities among the results of the various studies regarding
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the reaction orders with respect to NH3 and NO.

Initial studies have been made to determine the
overall stoichiometry of the NHB-NO flame reaction, Figure 3 lists the
results of mass spectrographic analyses of representative samples of the
reaction products sampled downstream from the flames. The sampling techniques
are such that the values for HyO0 cencentrations are inaccurate; censequently,
the hyd:ogen-nitrogen ratio has been utilized in determining the overall
stoichiometry. This procedure is valid since all of the oxygen in th;
reaction preducts appears in the water. The Hy/N, ratio (Figure 3) does not
exhibit a pressure dependency indicating constancy of flame temperature over this
pressure range (150 to 745 torr). Hewever; the observed ratio of 2 0.7
is not in complete agreement with the value (1.0) predicted on the basis of
the stoichiometry determined trom the NH3/NO ratio (#21.5) at flame
extinguishment. An overall stoichiometry based on the Hy/N3 of 0.7 predicts an
NHB/NO ratio of 1.0 with unreacted oxyg:n appearing in the products in order
to give a cerrect mass balance, In as muchras no oxygen was detected in the
products and an NH3/NO ratio of 1.0 involves too great an error in the
NHB/NO measurement , it iz believed that the stoichiometry based upon the
NHB/NO ratio at extinguishment is the more accurate one and that the measured
Hy/No ratio is in error. The overall stoichiometry of the NH;-NO counterflew
diffusion flame (at extinguishment) can be represented by the fellewing equation.

3 NHy + 2 NO— 2 Ny + 2 Ny + 2 Hy0

Actually; in such an NHB rich flame, the stocichiometry of combustion can be

represented by a combination of two reactions,
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Niy + 1.5 NO——> 1.25 Np + 1.5 Hp0
and

1.25 NHB_—% 0,625 N, + 1.875 Hp

These equations indicate that the stoichiometric proportion of NH3 was oxidized
and the excess NH3 (1.25 moles) decomposed into'Ng and Hy. A significant
result of the AFS measurements is that the NH3/NO ratio (at extinguishment) in
counterflow diffusion flames dces not correspond to the ratio (0.828) for the
mixture giving the maximum laminar flame speed (Su).

The volumetric rate of reaction of ammenia for the reaction

1.5 NHy + NO ——> 1.25 Np + 1.25 Hp + Hg0 AR = -41.89 Kcal/mole RH,

has been calculated on the basis of Spalding’s analysis of opposed-jet flames

(Reference 6) by the expression:

v 2
SRR /afm'Jext Mqu“ Q st

Mfuj max £, D zrgst 30
wher

;:1: max = the maximum volumetric rate of consumption of the fuel (g/cm3-sec)
/D = density of fueli

Q//Deo = fractional density of the fuel in the lecal mixture

}zf,Uext = apparent flame strength at 1 atmesphers (laminar flow)
D = jet diameter

Mfu, = mass fraction of fuel in the fuel stream
fqy = stoichiometric mass fraction of fuel in the lecal mixture
{) = a dimensionless function of f indicative ef the burning rate in the

flame

\ij = dimensionless reaction-rate fumction.
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Substitution of the appropriate values in the above expression yields a value
et
for ﬁfu max 2.93 g/cmgssec for the NH3=N0 reaction at 1 atmosphere. The
9
[N
heat release ratic (q;‘x) corresponding to this volumetric rate is 7.22 x 103

cal/cm3-sec.

2. Combustion of Ammonia with Nitrous Oxide

. On the basis of the proposed mechanism of ammonium

perchlorate deflagration; opposed-jet experiments have besn initiated toc investigate
the reaction of NH3 with N,O. This flame is also quite stable;, down to pressures
near 100 torr (for nozzle diameter of Q.77 cm). Figures L4 and 5 summarize the
results cobtained to date for this flame reaction,

A comparison of these data with those obtained for the
NHB-NO reaction shows that the apparent flame strength (at 1 atmosphere)
of the NH3=N20 flame is approximately 3.5 times that for the NH3=N0 flame,
Considering their respective adiabatic flame temperatures (2580 and 2710°K),
this is somewhat surprising. However, before adequate comparisons can be made
regarding the contrasts between these two oxidants, additi.nal data will be
required, particularly the overall stoichiometry of the NHB"NZO flame reaction.
These results will be discussed at a later date.

3 Publications

Three papers describing recent and theoretical and experimental
achievements have been completed and are being processed for publication. The
titles and disposition of these papers are as follews:

"Kinetics of the Decomposition of Anhydrous Perchleric
Acid", by D, J. Sibbett and I. Geller. (Submitted to the Journal of Physical

Chemistry, September 1964).
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"\ Model for Low Pressure Extinction of Solid Rocket
Moters", by R. F. Chaiken (Submitted to the American Institute of Aeronautics
and Astronautics, October - 1964).

"Surface Rate Frecesses and Sensitivity of Solid High
Explesives", by R, F. Chaiken and F. J. Cheselske (To be submitted to the Jourmal
of Chemical Physics in November 1964).

A fourth paper, egtitled:

"The Reactions of Ammenia with Oxygen and Chlorine in
the Opposed-Jet Diffusion Flame", by F, J. Cheselske, D. J. Sibbett and R. F.
Chaiken, is in preparation.

L. Future Work

Additional flame studies of the reaction of ammeonia with
the oxides of nitrogen (NZO and NOZ) will be made with the object of determining
the overall stoichiometries of these reactions in the region of extinguishment.

Theoretical studies of the theory of flame strength in
opposed=jet diffusion flames will be continued.

III. PROJECT PERSONNEL

During the period covered by this report, ths following personnel

contributed the indicated portions of their time to the program

Time
F. J. Cheselske, Principal Investigator 100
R. F. Chaiken, Technical Consultant 30

R. S5, Dodds, Senior Laboratury Technician 30
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AMMONIA-NITRIC OXIDE FIAMES

Apparent Flame Strength (g/cm?-sec)
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